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Surface Metrology

Lord Kelvin (1824-1907)

“When you can measure what are you speaking
about, and express it in numbers, you know
something about it; but when you cannot express

it in numbers, your knowledge is of a meagre and
unsatisfactory kind”

"If you can't measure it, you can't make it"

Co-funded by
the European Union

Jane Jiang, David Whitehouse et al. (2007)

“the science of measuring small-scale
geometrical features on surfaces: the
topography of the surface”
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1. Historical Develo

= First Period: Before 1920s

= Second Period: 1920s - 1980s
= Third Period: 1990s - Present

. - .+"*.  Co-funded by
Flexible Laser-Based Manufacturing ‘.. the European Union




2500BC Surface measurement in ancient Egypt *« 15c¢ L.da Vinci: friction is independent of the “area of contac

Great Pyramid of Giza and its casting stone

* 16-17c Royal Navy of England: accurate cannon .

eyepiece
concave

mirror
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Second period: 1920s - 1980s

* 1920s5~1930s: Recognition of the importance of surface texture

1920s

1930s

Size and shape determined
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Texture incorporated

Surface: the smoother, the better?




* 1940-1950 Establishment of surface metrology
Surface texture: roughness, waviness and form error
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(A)Roughness

Reason, R. E. et al. 1944 Report on the measurement of surface (B) Waviness
finish by stylus methods. Leicester, UK: Rank Taylor Hobson.

Perthen, J. 1949 Prufen und messen der oberflachengeatait. B — i
Munchen, Germany: Carl Hanser Verlag. i e
: g (C)Form Co-funded by

Schorsch, H. 1958 Gutebestummung an technischen the European Union
oberfiachen, wissenschagtliche, Verlagsgesellischaft, Stuttgart.




Second period: early instruments

Early instruments
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1919 NPL: W, Tomlinson
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1929 Carl Zeiss: G. Schmalz

First commercial instrument
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1941 Taylor Hobson: Talysurf 1 invented by Richard Reason
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Measurement Filtration Parameterisation
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Second period: two early competing filtration system

Mean-line system (M-system)

PV g e N

« Envelope system (E-system)
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1974 Shumugan & Radiakrisnnan: digital
implementation of the E-filter




« The nature of surface: 3D, from profile to area * 1990s Europe framework 4-5: ISO 25178 series
Part 1: Indication of surface texture

Part 2: Terms, definitions and surface texture parameters

Part 6xx: Metrological characteristics for areal-topography
measuring methods

Part 700: Calibration of surface texture measuring
instruments
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2. Modern Surface Metrolog

= Surface measurement instruments

= Surface texture characterisation
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2. Modern Surface Metrology

= Surface measurement instruments
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1990s~2000s Versatile technologies

Phase-shifting interferometry
White-light interferometry
Confocal microscopy

Focus variation microscopy

Scanning electron microscopy
Atomic force microscopy

White light interferometry Optical coherence tomograph
(Zygo NewView™) (OptoRes)

Tactile profilometry \ »
(Taylor Hobson GPI) |9 O¢

Focus Variation Microscope Confocal microscope (Zeiss -
(Bruker Alicona) Smartproof)




Surface measurement instruments

1996 Form Talysurf PGIl: Phase grating interferometry

Vertical range: 24 mm

Vertical resolution: 0.8 nm
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Surface measurement instruments

* Interferometry

BEAM
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SOURCE |

1 SAMPLE

DETECTOR
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« Upgrade: chromatic, dual spinning disks

CCD Camera Yokogawa Spinning Disk Unit Optical Configuration

Shaped and Collimated —
Laser lllumination Honocirome

Detector Pinhole Microlens CCD Camera
Lens
Dichroic Mirror

White-light Source

N Lightsource Pinhole

Tube
Dichromatic Lens
Beamsplitter

Excitation
and
Emission

Objective Lens

Layer/Object
distance (0) _—» Out-of-Focus Planes

Focal Plane

(Ref: Balasubramanian, et al..2007. Journal of Electronic Imaging, 16.) (Ref: zeiss-campus.magnet fsu_ edu)




« Focus variation microscopy « Compare to Confocal
Lateral resolution

Image stack

Z position Z position
3

A

CCD sensor J

(optional)

Semi- H White light
transparent H \ source
mirror : - w (coaxial)

UOIN|OSal [BDIISA

Objective lens
with limited
depth of field

1SBIUOD WINWIXE

Polariser
(optional)

Ring light | Ring light

source ze source
(optional) : (optional) :
Pixel — | e

Neighbourhood . —
region Contrast measure

(Ref: Newton, L., et al. Additive Manufacturing, 25) (Ref: Bruker Alicona.)




 Optical coherence tomography « Upgrade: Fourier-domain OCT

Signal processing
and display

Digitizer

‘ Detector |

OCT light source
‘S.'r,adoan.'.‘ swepl laser : Samp!e am

Endoscopic

Path length
matching

Reference
am ~ Mirror

(Ref: Gora, MJ. and Tearney, G.J,, 2016. Enhanced imaging of the (Ref: Wasatch photonics)
esophagus: Optical coherence tomography.)
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2. Modern Surface Metrology

» Surface texture characterisation
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Surface characterisation: filtration techniques

TC 213 Workgroup: ISO 16610 Series Gaussian filter

ISO 16610 Filtration
Toolbox
11

Morphological Segmentation

Linear filters Robust filters filters filters

Robust Gaussian Closing filter Spline filter

Gaussian filter SR
regression filter

Robust spline

fiker Opening filter

Spline filter

Splin - I\tn;arvelet SC::ler:lr::::‘gl Morphological filters ((«“QQQ“} i J

filters % ti

Workpl-o: surface profiefl
Scale space filter Diation emelope I

Closing enelops
Bl — Roling disk




Surface characterisation: robustness & regression

Robustness

Insensitivity of the output data against specific
phenomena (outliers, scratches and steps etc) in the
input data.

Measured cylinder R_oughness syrface
liner surface (linear Gaussian filter)

Outlier Deep valleys

+ Regression
Ability to follow the surface form.

10 ,m1L_

I mm

FLASH

Significant form Roughness surface Roughness surface
2 order Gaussian filter Robust Gaussian filter
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Measured Aspheric Worn artificial knee joint Morphological closing envelope
lens surface replacement surface with ball radius 5mm
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Residual surface Residual surface




Surface characterisation: watershed segmentation

courseline

w

Phalfz graph

V3 v2
w

Before pruning b) After pruning
Wolf pruning

Course line ridge line
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« |dentify the active grains on a grinding wheel surface -+ Identify the features on structured surfaces

J"‘
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o/
v

v

Spd 15.678 Pts/mm?

G 28.273 1/mm g 2 3M Trizact abrasive surface Segmented structured
‘ with pyramid structure surface with wolf pruning 10%

S10z  188.500 pm

Sha 0.0142 mm?

3
Shv Sedle BEREIAhT Peak count: 64 with Co-funded by .
B Bt 70 B Wolf-pruning 5% the Eurcpaan:Union




ISO 25178-2 Field parameter

S parameter

|

|

I

1

ISO 25178-2 Feature parameter

V

parameter

1

|

I

Height

Spatial

Hybrid

Miscellaneo

us

Areal

Void
volume

Material
volume

Arthmeticsl

mean height - 53| |

Autocorrelation
length- Sal

Root mean
zquare zlope

Texture dirsction
- Std

Core roughneszs
depth

- Vwv

Dale void volume| |

Material volume -
Vmp

Pesk extreme
height -595p

Texture aspact
ratio- Str

Developed
interfacial ares
ratio- =dr

Skewnezz- Sk

Kurtosizs - Sku

FLASH

Peaak/valley
material portion -

SMriLSMr2

Void core volume
ofthe texture
surface - Ve

Core material
volume-Vme

Density of peaks-Spd

Arithmetic mean ofthe principle
Curvature of peaks- Ssc

Ten point height of surface - S10z

Five — point peak height —55p

Five — point pit height - S5v

Average area of dales — Sdalc)

Average volume of dales — Sav(c)

Average area of hills —Sha(c)

Average volume of hills —Shv(c)

Co-funded by
the European Union




Femoral Stem

Medium severe wear

Severe wear

Amplitude Spatial |bybid _|Vome
Sq Sz Ssk Sku Str Sal Std Sdq Ssc Sdr Vmp Ve Vv

® ® e A o A o @ A ° @ @ °

e Significant discrimination; A Some discrimination; ¢ Little or no discrimination




« Surface shape and texture are playing determinant roles

S ... B ...

Size determined?

Independent surface geometry

*» Freeform surfaces Structured surfaces
continuous surfaces having no Surfaces with a dominant deterministic feature
translational and rotational symmetry pattern and usually with high aspect ratio

Surface shape

Stochastic Structured
surface surface

l ;
| | | [ > | '
Isotropic Anisotropic Tessellation Linear izflztrli?a?:ta A %
pattern v patterns |-




Complex structured surfaces

Single surface having both types of geometry (freeform and structured) for multiple/optimised function.

L./ﬂ //\ ’\I\N Diffracto
" N element

not to scale

Nominal freeform

“~Stuctured freeform &
not to scale ~

Advanced optical components Bioengineering surfaces Roll-to-roll drum surface
(ref: Suet To et al.,, 2015 CIRP Annal.) (src: www.sharkwatchsa.com) {sre: USP2 website)
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Characterisation techniques for structured surfaces

 Nonlinear adaptive diffusion filter

of x,y,t)
at

=V -Vf(x,y,t) +c(x,yt) -Af(x,y,t)

(a) Measured MEMS
surface

Step

« Watershed segmentation plane

—

« Clustering filter
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3. CPT Recent Development

= Embedded sensors and instruments
= Machine-learning based surface characterisation for structured surfaces

= Triangular-mesh based surface characterisation utilising XCT data
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3. CPT Recent Development

" Embedded sensors and instruments
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Interferometry Deflectometry Fringe Projection

DRI interrogation interferometer

Real
=2 Foc Probe j screen
FCI LI Measurand 2, 3 \
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i
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Embedded sensors in
machine systems and
science experimental
systems

Diamond TurningCentre Multi-Machining Centre Roll-to-Roll Manufacturing




Wavelength scanning interferometer (WSI)

Operation principles DAQ Corrputer gl:r;%rggr

card
Acousto-Optic Tuneable Filter tunes the wavelength from (680-

580)nm without moving parts. !
AOTF

driver

During the wavelength scanning, images are captured with a
high-speed CCD camera. (e.g. 128 or 256 frames)

Captured Frames

Microscope
lens

Image

heigh - .
640 Pixel Single Pixel Result

>

Intensity (arb. unit)

Image width Frequency determines height 150 200

480 Pixel
Frame number

250




Performance comparison

Axial range : limited
by

Axial resolution

Lateral range

Lateral resolution

Stabilisation

(sub- mlcron)

Independent of
objective NA
(less than1nm)

Field-of-View of the
objective lens (e.g.
0.9x0.9 mm for 20x)

Dependent of objective
NA

Note: complex optical
alignment for high NA

YES (for single-shot
techniques)

Translation stage (sub
millimetre)

Independent of
objective NA
(less than1nm)

Field-of-View of the
objective lens (e.g.
0.9x0.9 mm for 20x)

Dependent of
objective NA

Note: complex optical
alignment for high NA

Depth of focus
(tens of micron)

Independent of
objective NA
(10 to< 1nm)

Field-of-View of the
objective lens (e.g.
0.9x0.9 mm for 20x)

Dependent of
objective NA

Note: complex optical
alignment for high NA

Translation stage
(millimetre-scale)

Dependent of
objective NA
(10 - 100 nm)

Field-of-View of the
objective lens (e.g.
0.9x0.9 mm for 20x)

Dependent of
objective NA

Note: Simpler optical
alignment for high NA

NO (less susceptible to
vibration than
confocal)

Translation stage
(millimetre-scale)

Dependent of
objective NA
(few-10 nm)

(1.5 um for thin films)

Scanning of the beam
or aperture

Dependent of
objective NA

Note: Simpler optical
alignment for high NA)




Dispersive reference interferometer (DRI)

A single-point surface topography and distance interferometer

Small on-machine fibre-linked probe connected to a remote interrogation interferometer
Unbalanced interferometer brings reference and measurement beams into coherent interference
Determine balance point wavenumber to measure surface height/standoff

Absolute Range Tmm

Resolution <Snm

Dynamic Range 200,000

"
>
¢
c
<

Wavenumber (a. u.) Measurement Rate 5k Hz

Intensity (a. w,)

Focusing Colimador
Gratng

(X} Meroe

PZT Prezoslectrc Transiater

SLED Supeciuminescent Light
Emaeng Diode

St Sphernical Mirror

Wavenumber (a. u.)

Intensity (a. w.)

Wavenumber (a, w.) O'funded by

) the European Union
Optics express 24.9 (2016): 10103-10T14.




Single-shot dispersive profile interferometer (SDPI)

Instantaneous line profile measurement for surface topography

combining technologies: low coherence interferometry, hyperspectral imaging and parallel signal
processing.

Provides high-speed measurement over a millimetre range while achieving nanoscale resolution.

Technology Prototype Measurement

Spectrometer

P NHHH

2 Colimalke 3

- — A

— Wavelengt

h e —s] Backgronad Removhg | TR T
( - ) | measred

sumace pptlk
| Sknal it o lation ] P

Collmake 2 . " Tubelerns

= hittal Cata [ Phase extacton |
l 1. The spectral e e rogram |
e ught ™4 | 2:TheDackgronnd WENs/ly [cakuatir o nttialie nit]

¢ cRree 5. Expe rime s tal wave kagth matil
Midwlzcn
cblectve Deem hhg the Trhge |

@ — onkr

@ Z2anple artace
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protik vsha s hgk
wave Eigth




A

000000000 00C

00000000000C

00000000000C (b)
00000000000C Source
00000000000

00000000000 C

00000000000C

00000000000

00000000000

Detector

Metasurface

. Detector
OOCCCCEEEEY + Chromatic confocal microscopy ¢ SDPI
00000000000
©0000000000¢

Meta-surfaces made by Kelvin Nanotechnology Ltd
The pillars are 750 nm high GaN pillars etched from a layer of
GaN on Al,O4

Co-funded by
the European Union




3. CPT Recent Development

» Machine Learning based surface characterisation technigues for
structured surfaces

Co-funded by
the European Union




- Rule-based approach Learning-based approach

Pros

Simplicity: well-established, straightforward, and
relatively easy to implement.

Consistency: mathematical basis, easier to interpret
and validate, producing consistent results under
defined conditions.

Efficiency: computationally efficient, requires less
power.

Limited adaptability: lack of flexibility to adapt to
various surface patterns.

Manual intervention: model selection, parameter
adjustments, time-consuming, and prone to human
error.

Sensitivity to parameter tuning: highly sensitive to
parameter settings, which must be carefully tuned
for each specific application.

Adaptability and generalisation: learn complex
patterns and features, adapt to a wide range of
image types, and handle complex surfaces.
Autonomous and high efficiency: can automatically
process arbitrary inputs without user intervention,
compatible with large datasets.

Need training data: require a large amount of
labelled training data, time-consuming and labour-
intensive

Computational requirements: computationally
intensive and requires powerful hardware
Complexity: Implementation and optimisation,
involving intricate architectures and
hyperparameter tuning.




General structure
an intelligent surface characterisation system to enable automatic analyse of structured surfaces, accurate extraction of
surface patterns, and quantification of key parameters for enhanced surface assessment and quality control.

Surface data
acquisition

* Optical measurement

Input surface/
dataset

) §
: £
‘ '}

[

Form removal

e F-operator

Denoising

e Filtration

| Feature
extraction

* Lage-scale * Small-scale * Segmentation
* Feature-specific
F-operator Denoiser Extractor
EDNet I DNCNN S Sobel-UNét - |
Form error Form removed Noise Scale-limited
analysis surface analysis surface

q !
‘ Ii

gt ooy

\

" Parameterisation

* Feature attributes

Feature map
Field parameters:
SqSarSp -
Feature parameters:

Spd, Syd, Cp ...
Functional parameters:
Core Roughness Depth,

Bearing Area Curve Parameters




Form removal: ResBlur-EDNet

Encoder-decoder based architecture, incorporating residual learning, skip connection, and Gaussian
blurring kernel

Encoder decoder: maintain the input and output dimensions; retain the structural information

Residual learning: capture fine details, correct errors, improve convergence speed and accuracy

Skip connection: mitigate vanishing gradient problems; preserve low-level features while integrating higher-level

abstractions
Robust loss: inspired by M-estimator, using weight function penalty large error caused by features

Real Surface texture
extraction

Test and
Hyper-parameter
tuning

o BlurRes-EDNet
ata preprocessing training

Synthetic forms T

Physics-informed
loss function

Workflow of building learning-based F-operator BlurRes-EDNet model architecture




Form removal: ResBlur-EDNet performance

| BlurRes-UNet Least-squares

The lowest values across all metrics,

demonstrating superior performance '

compared to traditional methods. I ' l I l I
i i (1)

Can recognise different order e |2 RN o

polynomial forms from complex

structured surfaces with high accuracy

and efficiency; Once the model is well “ I ' | & l & I
trained, it can automatically process

arbitrary input surfaces without any s/ une 146300 3/0.0000 0.023%/0 1720

user operation. I ;
Processing time of 486 test surfaces I . I | O '

with 3.6s on the GPU (T4 GPU), @3)
B e . _MSE/MAE | 1.6640¢-3/0.0103 __0.0022/0.0467
significantly outperforming the CPU

processing time of 108.9s on the CPU. i ‘ I ‘ ’ I : ‘ l ’ |

(4) =
MSE/MAE 1.3995e-3/0. 0150 0.2398/0.4404




Noise removal: PI-DNnCNN

PI-DNCNN is proposed as an intelligent denoiser,
integrating physics-informed loss and hybrid data
augmentation techniques with deep denoising neural

Hiaden Layer
A
networks. Surface Data Noisy-iabels PR
patches
Askory Training :
[

fine-tuning

-1 Noise estimation

P —
DNCNN can handle mix-level Gaussian noise which

Clean surface

matches surface noise distribution. o st =
constraint Denoised surface

Hybrid data augmentation: going beyond conventional
approaches by further generating customized noise
maps to enhance recognition of complex components. Noriineer noiss mapping

Physics-informed
loss

Conv

Physics-inform loss: incorporating filtering techniques :

. . - < Noisy patches ‘ Ui Predicted noise
(total variation and Laplacian operator) with neural . = :

network training, tapping into data characteristics for
enhanced model performance.

> l - l a2 N 2 1 . . » »
L“' - ; Z ("—)N- AN (ll/‘l o “j‘l)) L"(’ll' = L"IM.‘ + I‘QI * Llll' + ll‘: * LIU[J
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Test surfaces

TPI-OACRN

Gaussian

PDE diffusion

Spline

PI-DnCNN attains the lowest MSE
value of 1.82e-04, the highest PSNR of
42.4028, and the highest SSIM of
0.9882, achieving the best average
score compared to traditional filters.

*

2.52¢.04
35.9883
0.9770

&

3.47¢04
34.5972
0.9605

*

9.51e-05
40.2141
0.9863

5.34¢.04
32.7195
0.9441

Superior average performance, as it

has learned the properties of all filters
including smoothing and structure-

Y

1.44¢-04
38.3887
0.9744

Y

2.03e-04
36.9199
0.9523

Y

8.85¢-06
50.5270
0.9964

4.75¢-04
34,1553
0.9344

preserving.

Average processing time of the test
surface of approximately 0.8s on CPU,
which was reduced to a mere 0.07s on

9.43250-05
40.2538
0.9833

1.79¢.04
37.4610
0.9740

3.26e-05
44.8573
0.9914

9.40.03
20.2910
0.8330

GPU, in MATLAB(2023a) platform.

FLASH

3.17e-05
41.6272
0.9848

1.35e-05
48,6831
0.9943

1.56e-04
38.0673
0.9618

2.10e-03
26.8574
0.9702




A general strategy: incorporating domain-specific insights with neural networks to improve learning

performance
2 Data preproceSSi ng: eXt ra Ct featu res Data preprocessing Model selection Evaluation

Loss function

Enhancement layer Data collecton [ Mode! design ]

Hyperparameter
tuning

Table 7 : Data analysis Training
Average scores produced by approaches trained in vanious swes of traming dataset '

B MSE | PSNR
» ©

ns 303558 2 : :
%I 1358 P — Prior Feature ' | Transfer Loss
BES AN : knowledge | |engineerning + | leaming function

N2W W02 QR A 2 -
‘—l—] : H Result
: . : Qoocy

Iteration

Customized layer

(a) (b) (c)
Figure 15: performance curves of MSE, PSNR and SSIM vs data amounts on different expenmental settings (a) Performance
curves of MSE, (b) Performance curves of PSNR. (¢) Performance curves of SSIM

Optimize different
strategies




3. CPT Recent Development

* Triangular-mesh based surface characterisation techniques utilising XCT data

Co-funded by
the European Union




Stage 1: Measured
Surface(sampling and
representation)

FL

A non-Euclidean geometry

Stage 2: Surface
Decomposition and
Reconstruction

Stage 3: Surface
analytics and
parameterisation

Association Filtration

Nominal form Is known Nominal form Is unknown
* Best fit surface based on * filtration operator that
the nominal form goes not reguire a
* Orthogonal distance reference surface can be
* Usually onethat works in used to determine the
two stages: a coarse reference surface
approximation fit, followed * Morphological;
by a more refined * Laplacian;
optimised fit * MCF;

sieta

Co-funded by
the European Union



Decomposition - association
r(u,v) = rform(u, v) + rg(u, v)~

(W, V) = Trorm(W, V) +15(w, v) - ne(u, v)

rform(u, V)

A

rm,u

T u //; f(u_‘ V) -n dO'fo,m rfﬂIm.

form

- - - ‘\':-
infinitesimal surface element: | " Zf()rm

dOform = ||rfo,m‘u(u. V) X From. v (U, v)|| du dv d by
T )ean Union




Mesh-based 3D surface texture characterisation

Association

- 3 2 cylinder ,n}?},z w; - [r—llx; —xo + (x ; —x0) - all]%
B =argming ) (x— F(Bx)

Total Least square
min wl (r—||x— x5]|)?

T, Xo

I Weighted Total least square I

Marching cubes!! 12

001 mm

-3 o x50
Fitting method LS WLS

Robust Total least square I Reconstruction method | MC AR MC AR
" Radius (pm) 200.35 20508 | 20924 20028
I I Diff (%) . 208 0.02




Py A (p.0)=0 .. Vi’ ' Advantages:
ot ’ B v Vo E o  Easyto implement;
t'z0.0176ﬂ,c2 . 4 '{ e i +  Fast;
O -- : WL0o. SN Direct link between the

Diffusion time: 0.1126s LBO and the Gaussian filter

Gaussian cutoff wavelength: 0.8 mm
Disadvantages:

p; = \adj (i) Xjéadj(i) qj’ i € Vyar, ' » Shrinkage problems;
g

q;. «  Boundary problem:

Improved LBO diffusion
No shrinkage;
No boundary problem;

Meet the requirement for
metrology

~
~

( t{"j’:j)"—“_- s ; "'v";’ | b o ‘/;— ' .:;' "” ‘-.- ' : ) : ~ -
e f ; /'—-___/__::’ q, : '
L~ E4 , , Co-funded by
- Y ‘ ‘ the European Union

Improved LBO us_ing weighted average of the neighborhood vertex, such
as Gaussian weighting depends on the triangle area or the edge length.




Mesh-based 3D surface texture characterisation

* Surface decomposition — 3D watershed segmentation

A portion of the measured Reference form computed by Resid ua[s displayed as the
AM lattice structure morphological operations signed distance colourmap

0.28. mm

Pit-based watershed




Surface
Meaniured ~ decomposition ~| Surtfa?e ti
surrace and filtration parameterisation

ISO 25178-2 Proposed

(a2 —x0) - (y1 — y0)
L[S [ 2(x,y)] dxdy

VAT 7 2 y) dcy
o 2 5 2c) v
A;q4 fx’;‘ fy’;‘ z*(x,y) dx dy

[maxx.y 2(x, y)|

Iminy., z(x, y)|

maxy,, z(x,y) — miny , z(x, y)

‘]“/;:form daform
alls, Irs(u,v) - niom(u, v)| d0fom
\/ ff):, I's/ u, V nfOfm(u-, V))2 do form
—s? Iz, (ra(u, V) Norm(v))* 0 form

ASq“ ffZ (r-"’ u, V nfo’m(ua V))4 do form
|maxu v rsI(U V) . nfo,m(u, v)l
Iminy,, rs(u, v) - Neom(u, v)| a
MaXu,v rs’(u’ V) : nfO’m(u* V) — min, rsl(u.* V) : nform(U, V)

Eddbdd d 4




Mesh-based 3D surface texture characterisation

Surface parameterisation - Hybrid parameters

2

X1 )’1 ¥ 2
qu = \/ / 22 - 22) dx dy — qu = \/ //): Jform forlm) VUrsl(“- V) ddform
X0

form

" 1 :
_ T . -
Sdr = = /0 / \/1 +.22+2Z5 1) dx dy — Sdr = 2 (/ a |lru(u,v) x ry(u,v)|| dudv A)

-79}}»“ Hitttetete

[ o oy vt ) - i Al e Bk S

i L 3 NG O
5 6 7
x (mm)

A—A A= A

/ shadow shadow
Ashadow = // k(U V dO’fom, Sdr’ = =
2 Ashadow s A oI

form




Mesh-based 3D surface texture characterisation

 Surface parameterisation - Functional parameters

V:‘/‘/, k(u,v)- h(u,v) dﬂ}o,,,,

form

Volume below the non Volume below the Density of the bearing
Je-entrant features re-entrant feature Volume computation curve

4.
4.5 VP
4.0 4.0 4.0 9
V =Vi+V €35 £ 35 £ 35 =
: | §'30 éao E. € 00
> " > 20 = vmc
2.5 2.5 2.5 0.5
2.0 2.0 2.0 1.0
4 5 6 7 4 5 6 7 4 5 6 7 . .
x (mm) X (mm) x (mm) density

V. hmax = hmin 1 * * hmax hmin P * * *
m(p) = fV(h ) dh™, Vv(p) = fv.max(h™) — fv(h ) dh
Amax Jp Amax JO

where A,ax IS the maximum section area

Co-funded by
the European Union




FLASH

Flexible Laser-Based Manufacturing

3. Case Studies

= |mpact of surface orientation on multi-scale geometries of LPBF €€

= Utilisation of XCT for surface measurement of metal additive manufacturing components

. . +"*.  Co-funded b
Flexible Laser-Based Manufacturing L5 the Europea:Union




Case Study 1

» |mpact of building orientation on multi-scale geometries of
LPBF components

Co-funded by
the European Union




158 mm 124 mm

\ Diameter 12.4 mm

(Ref: Reeves, P.E.,Cobb, R. C, Rapid
Prototyping J1.1997)

S NSRS
e
-

Process Renishaw 400 SLM
Laser power 10w

Scan speed 5000 mm/s

Hatch spacing 110 pm

Layer thickness 50 um

Powder SS 316L

90° up-skin

Down-skin (90°-132°)

202 down-skin




Staircase modelling & surface characterisation protocol

Staircase effect & its prediction model based « Separation of staircase and particles

on trigonometry

Mean

Building {/

Direction

_
Ra=— Lt cos(a)

Fmdlamtmbnns value Lt

30

Dutance of peak n 30" © L/vn30 Distance of Peak in 60" . Ly/singQ

M‘:LVNJiN

hpazs |lum)

Inua
Sug

Robust Gaussian filter (Ac 80 um)

Measured surface Staircase surface Particle surface
» Areal surface texture parameters

Categories Surface texture parameters
Sa (um) -Arithmetical mean height of the scale-limited surface
Sq (um) -Root mean square height of the scale-limited surface

Height Parameters —
Ssk -Skewness of the scale-limited surface

= RaTrig Equation Sku- Kurtosis of the scale-limited surface
—e—35a23D-CADMode Sdq -Root mean square gradient of the scale-limited surface
D-CADModel Hybrid e 5q g
Sdr (%) -Developed interfacial area ratio of the scale-limited surface
. Smr1 (%) -Material ratio]
Functional parameters = = : s
Vmp (mm3mm?) -Peak material volume of the scale-limited surface

3 Sal (um) -Autocorrelation length (fastest decay to 0.2)
. Spatial Parameters -
e Str -Texture aspect ratio

Spd (1/mm?) (Density of peaks) number of peaks per unit area

Particle analysis Particle number/density/coverage



Changing trend aligns
with the prediction model
Sa, Sq: staircase effectis
the major contributor;

Sa, Sqg: down-skin surface

AR — f Ny T AV roughness is higher than
‘7:"'*+$%§f Nt

Moty Fs the up-skin surface, due to
o FOLREL1Y the elevated temperature,
e.g. down-skin 90° about
140% higher than up-skin
a0r

Ssk: positive (<114°);
surface i1s dominated by
peak features

Sku: stable, slightly above
3; height distribution is
basically normal
distribution

Co-funded by
the European Union




Spatial parameters
Sal

Hybrid parameters

»

- »
tedeeeosorit”

R s S S S S S S 8 S S

Sal:in general, decrease for
the up-skin surfaces and
increase for the down-skin
surfaces; staircase is the
major contributor

Str: a measure of uniformity
of the surface texture;
staircase is the major
contributor

Sdr: general measure of
surface area; increasing

Sdqg: general measure of
surface slope; increasing

Str, Sdq: particle features are
the major contributor

Co-funded by
the European Union




Feature parameters

Watershed segmentation,
5% Wolf pruning
* Spd

« Particle analysis

Threshold segmentation
height threshold Smrl

» Particle density (1/mm?) :

*  Number of particles
*» Particle coverage (%)

T REA
R ¢\

B S s e e

(
4
l
:

Spd: particle density increasing on the up-
skin surface; slower decreasing with more
variation on the down-skin surface

Higher Spd of O° is attributed to the spatters
on the horizontal surface

Down-skin surface: Spd decreases, Vmp
increases -> number of big particles increases

Particle analysis descriptors consistent with

Spd




Follow-on: Impact of building orientation on surface roughness, sub-surface
porosity, and dimensional accuracy of internal channels

« Artefact design

) Ll RS RS
B e v




j Sample design, fabrication and measurement
|

« XCT measurement configuration
Measured by: Nikon XCT XTH 225

Voltage: 163 kV

Rowerne " lInner down-
Voxel size: 20 um 3 | Skln Surface

Pre-filter: 0.5 mm Copper
Reconstructed by: Nikon CT Pro SP2
Surface determination: |SO 50 with Local iterative

» Surface texture characterisation

Levelling applied to remove the form
XCT low pass filter
Parameterisation: Sa, Spd, Sdr

0.000499953 &
0.000412761

« Porosity (sub-surface) Jj 0-000325568
0.000238376

0.000151183 |nner up_Skln

FLASH VR lsurface

A depth 0.75 mm to the inner surface

FLLAN
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R —

Result and discussion: sub-surface porosity

« Sub-surface porosity

>
- —d
w
o

annlnnlll n

0 L 54° B3° 127 81°

(a) 0°/180° (b) 18°/162° (c) 36°/144° (d)54°/126° (e) 81°/99°




Sa & Sub-surface porosity (correlation: -0.477) Correlation efficients

==Sa —e—Porosity -0.48

-0.83

ﬁﬂﬂﬁl’ll"lﬁmmf.mmﬁﬂ[’]ﬂ &I
0° 9

° 18° 27° 36° 45° 54° 63° 72° 81° 90° 90° 99° 108°117°126°135°144°153°162°171°180° i

0.43

r— ._'.4—--u_L-l-H-i-H-i-‘H’mmiL- i < Shd [dcwi SKeY
S 9 @ N : e & '

(1/mm?2)

S A LSS NS S A
Yot Y W 9T 0 A YO o 9O D

Er=mi -

-055

Porosioty

Co-funded by
O e e e i e the European Union
° 18° 27° 36° 45° 54° 63° 72° 81° 90°+90°- 99° 108°117°126°135°144°153°162°171°180°




Extract profile for
dimensional &
shape deformation

Unfold channel for
Extract internal channel surface roughness

Sub-surface

Measurement and reconstruction porosity analyses

FLASH

Extract sub-surface volume & 7 4 : Co-funded by
< the European Union







Result and discussion: dimensional accuracy, surface
roughness, and sub-surface porosity

« Dimensional deviation + Surface roughness

30

R
ooou

R

[=u] [i=)

B oo -fit Circle diameter

%] =

m— Hydraulic diameter

[=3]

£
£
L=
[k}
&
a
E
M
[

T N =Y
{5 =T T« R

Fa

[y
[=u]

T
= alLlt

Suilding orientati

* Shape deformation (Ellipse minor/major) Sub-surface porosity
101%

100%

]
]

Mmoo
= o

1
o

Ellipse ratic
Porosity (%)

[ T - Y R Y - R Y- BT I Y
1 =]
=




Case Studie 2

= Utilisation of XCT for surface measurement of metal additive
manufacturing components

Co-funded by
the European Union




XCT for surface texture measurement

Benchmark by focus variation - [lUK: 3-in-1 X-ray CT inspection (partners: Nikon Metrology, Synopsys, HIETA, MTC, UoH)

Select ROI Two-stage surface registration: coarse alignment + fine alignment

Overlay two surfaces by control points

\\\‘\‘\'J >
2 o Y

Surface texture parameters
(L-filter cut-off: 0.25 mm)

82 pum

102 um
&=

. 273
3.047




XCT for surface texture measurement

. Spatl al resolution & blurri gle Very small feature Not enough Barely enough Enough

(imaged object) spatial resoution spatial resoution spatial resoution

1. Voxel resolution Detector pixel size
Magnification factor

Spatial resolution 2. Point spread function (PSF) —— X-ray focus size and drift

Detecting system PSF NP , :
Mechanical alianment Feature diameter. 44 mm Pixel size: 4 mm Pixel size: 2 mm Pixel size: 0.2 mm

9 Image: 6 x 6 pixels Image: 12 x 12 pixels Image: 120 x 120 pixels
Sample movement Feature size: ~1 pixel Feature size: ~2 pixels Feature size: ~22 pixels

3. Contrast, signal-to-noise ratio, artifacts

Focal spot blur - Finite size of detector pixel
penumbra effect - partial volume effect

R T Tomy r Image: 120 x 120 pixels Image: 120 x 120 pixels Image: 120 x 120 pixels
Feature size: 22 pixel Feature size: 22 pixels Feature size: 22 pixels
PSF ~ 35 pixels PSF ~ 20 piexels PSF ~ 2 pixels

8 %k *

voxel grid
real surface |

P ol i Focus size Defocus etc. Pixel size Resolution
Drifting function

Ref. Aya Takasa, How to Improve the Resolution of X-Ray CT images



XCT for surface texture measurement

Lateral Resolution

AM surface

. Below 10pum
reqUIrement

Optical

E 1
instruments AL LR

High X-ray power (=20
XCT for metal watt),

AM sample Focal spot size x power
Voxelsize >10 um

Voxel 20 pm, point focal spot

Voxel 20 um, Mﬁ&lﬁ'

« Blurring assessment: System Modulation Transfer Function (MTFgystem) —

Smoothing effect over spatial wavelength

A measured

Ature/reference

|F{measured surface}|

- |F{ture/reference surface}|

( (J (u? + v?) )n)
MTF;ys = exp| —In(2) =

u, v. surface wavelengths
n. fitted order 1~2 um

k.. fitted frequency to the 0.5
d.— 1k

1
0.9
0.8
0.7
0.6
0.5}
0.4
0.3
0.2
0.1

%

10

' |— MTF
' sy

(Gaussian)
stem

MTF__ ., (sinc)

oxel

Nyquist frequency

A

15 20 25 30 35
Spatial frequency f/ mm™’
Ref: Hiller, J. and Homberger, P., 2016

IR - uropean union




Ac (pm)

[y

o
(=]

XCT for surface texture measurement

XCT limitation: structural resolution

Focal spot size Voxel size

Focal spot size: 15 - 80 um Focal spot size: point
Voxel size: 20 um (fixed) Voxel size: 5-20 um

Simulation - Focal spot Physical - Focal spot size Simulation - Voxel size Physical - Voxel size
size

ra

Uy
(pm)

Mo oo

(pm )
AC (pm)

C~
SC
A
Ca
—C
Ac (pm)

6
6
5
5
5
5
5

=
2
=
-
2
b
3
35
3
e
o
u
3
J
2
7
3

I on 0o

A positive relationship between focal spot size & A, A positive relationship between voxel size & A,
Simulation: linear relationship Simulation: linear relationship
Physical: non-linear relationship Physical: linear relationship



XCT for surface texture measurement - Resolution enhancement

» Focal spot reconstruction using a star pattern artefact + Focal spot deblurring using deconvolution

Overiaoni convolution
Electron I Apparent 02‘1‘5‘?‘0855’""

:
beam focal spot Penumbro N 1T / ___’_
\l s Lateral width =9 :
= Alcral wids . C 'y — \ : Zoom in o o8
N — ' - L T—— =
‘ p—r N A ® +
= \ . "'\
=

s =
Sreoi i A R - —
s e s %%7/11 M\\X\\\\\\\\ \\NWM ESFsy True projection image  Effective focal spot Noise
t } '

deconvolution

Ref Probst et al. CIRP
Reconstruction of effective focal spot

Derivative Inverse

of ESF Radon Spatial domain: g=f+*h+n
transform

- | = Frequency domain: G=F-H+N
. 1 -

Solution: Y=H, F=Y-G=F+

Raw XCT measurement Enhanced by iterative deconvg

r

Projection of a sharp edge  Edge spread function Line spread function 2D effective focal spot

Inverse R & SR O ERCEELE TR T
Radon

transform

a R
s ESFs -’ Ry %
-

cegroe
Star pattern sample XCT projection image Sinogram (LSFs) 2D effective focal spot




Characterisation of high speed sintering surface topography with
re-entrant open surface pores

Infrared
lamp

Samples f

3D height parameters 3D spatial parameters 3D volume parameters — re-entrant open surface pores
Eﬂm-mr-mm mmmmr-
105 60 186 EE- 2t 5

89 61.3

m104 650  T46 05 129
69 153 345

n kb u

Helghlgmg

(pm)
s
(¥4
o
b b b b 8 b b b b
b w " . m Ll

-
-

parameter
patial parameters

-

EZIZE °01% 902% 77.4%
-Porosty (4 22607  38x0¢  75x10%




Surface measurement and characterisation of acetabular cup

3D hight parameters
Patch No. 2 3 &
Sa (um) 5.71 5.61 593
Sq (um) 1033 994 .62
Ssk 422 3.84 ©6.99
31.89 2492 94.83

3D feature parameters

Examined
acetabular cug

Pit-based 3D watershed segmentation

Patch No. 2 3 4 Mean STD
Spd (I/mm?3) 022 024 0.23 0.23 0.23 0.01
Svd (1/mm?) 0.97 1.18 1.08 1.10 1.08 0.09




FLASH \

Flexible Laser-Based Manufacturing

Thanks & Question

Contact me: Dr Shan Lou, s.lou@hud.ac.uk

EE WS

Acknowledgement: Thanks to colleagues at CPT for providing some of the research slides.
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